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Abstract 
We report on a model giving new insight into electrokinetic fluid flow in microfluidic devices, and demonstrate its 
use as a tool for designing capillary electrophoresis (CE) systems; particularly lab-on-a-chip applications. The 
electroosmotic flow (EOF) is directly related to the zeta-potential which can be dynamically modified by applying a 
potential to a zeta-potential modification (ZPM) electrode close to the channel wall [1]. We investigate the effect on 
EOF where the zeta-potential is modified along a single channel wall, rather than complete channel coverage. We 
consider the effect for a single channel wall because it makes the fabrication process simpler. The EOF affects the 
amount of separation attainable in CE systems for a given channel length. We show that with control of the EOF, 
separations can be achieved in channels of shorter length. The use of a single electrode introduces peak broadening; 
we investigate the effect this has on the separation and the limits it places on the separation enhancement method. 
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1. Introduction 
The aim of this paper is to aid the development of miniaturised CE systems with a view to portable 
devices which pave the way to embedded applications. CE is a powerful separation technique which uses 
an electric-field to separate charged species based on their electrophoretic mobilities. The results of such 
analysis give qualitative and quantitative information on the constitution of the sample. Since for many 
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applications, mobility values are often similar, attaining useful separation within a small capillary/channel 
length can be difficult. There are a variety of techniques which address this problem, such as, sample 
complexation or by chemically modifying the EOF, e.g. by using surfactants or changing the pH [2]. We 
present simulation results for a method of improving the separation attainable in a short channel length by 
using dynamic modification of the EOF [3-4]. In the ideal case the ZPM electrode is placed close to all of 
the channel surfaces. Fabrication of such a device using conventional lab-on-a-chip techniques is difficult, 
however we show that the method can be used with a single electrode close to a channel wall, provided 
certain criteria are met. In this work we explore the limits of these criteria. 
2. Brief overview of theoretical operation of CE and EOF 
CE is a method of separating a sample of charged species using an electric-field to exploit the 
differences in the electrophoretic mobilities of the individual analytes within the sample. In standard CE a 
sample is injected into a capillary and subjected to an electric-field. The ionic species then migrate along 
the capillary at a velocity proportional to their electrophoretic mobility due to an electrophoretic force 
acting on them. A force known as the Stoke’s drag force, a product of the fluid viscosity (η), opposes the 
electrophoretic force. The hydrated radius (r) of the species also contributes to the drag force. The 
electrophoretic force and the Stoke’s drag force quickly balance each other resulting in a steady state 
electrophoretic velocity (Uep), shown in Equation 1, z, q are valence and elementary charge respectively.  
 Uep = –z q E/6 π η r  (1) 
From Equation 1, it is easy to derive an expression for the electrophoretic mobility (μep) by dividing by 
the electric-field. The electrophoretic mobility is proportional to the charge of the sample, and inversely 
proportional to the viscous components of the buffer solution. The charged species with the higher values 
of mobility have higher values of electrophoretic velocity than those with a lower mobility and so move 
faster, hence separation occurs between the charged species. Provided the capillary is of adequate length, 
by the time the sample reaches the end of the capillary it should be completely separated.  
Due to a surface charge along the capillary or channel walls, in the presence of an electric-field a 
phenomenon known as EOF contributes to a secondary flow. The EOF occurs due to an electrical double 
layer (EDL) along the capillary/channel walls, a consequence of the electrostatic interaction between the 
electrolyte and wall surface charges. The EDL is composed of a fixed and diffuse layer, the potential 
between these is the zeta-potential. The Coloumb force on the ions in the EDL leads to motion and 
viscous drag on the suspending fluid leads to bulk fluid flow which contributes to the sample velocity. 
Generally it is favourable to have the EOF in the direction against the sample velocity. Under these 
conditions the sample remains in the channel subjected to the electric-field for a longer time period, and 
therefore the separation between analytes is greater. 
3. Methods to modify the EOF 
There has been a significant amount of research which investigates controlling or eliminating the EOF 
for CE systems either by modifying the capillary/channel walls or the buffer solution. A consequence of 
these methods is that the EOF cannot be controlled dynamically in-situ, it can only be set at the start of an 
experiment. However, there has also been work on dynamically controlling the EOF using electric-fields 
on the outside of capillaries/channel walls which changes the charge distribution at the surface inside 
wall, thereby altering the zeta-potential. The EOF velocity is defined by Equation 2 which shows that it is 
directly proportional to the permittivity of the buffer solution (εsol) and the zeta-potential (ζ). 
Ueof = εsol ζ E/η  (2) 
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The wall is essentially an insulator and can therefore be modelled as a capacitor (Cwall). We can also 
model the fixed and diffuse layers of the EDL as two capacitors in series. If we neglect the fixed layer 
capacitance, since it is only significant for solutions with large electrolyte concentrations or for dilute 
solutions with large polarisation, the change in zeta potential for a give potential drop (Vzpm – Vsol) across 
the channel wall is given as shown in Equation 3 [5]. 
Δζ = Cwall (Vzpm – Vsol)/Cdiffuse  (3) 
4. Computational modelling 
A widely used EDL model is the Poisson-Boltzmann (PB) model. This model assumes a Boltzmann 
distribution of ionic species from the channel wall. The potential drop across the EDL is described by 
Poisson’s equation. Assuming the high-voltage dropped along the channel is linearly distributed then the 
value of Vsol will vary with respect to the length (x) along the channel. The ZPM electrode modifies the 
zeta-potential along the channel length depending on the difference between Vzpm and Vsol as described in 
Equation 3. Since Vzpm is a continuous electrode, it is a single potential which cannot vary along the 
channel length, therefore the change in zeta-potential must vary with respect to x. We have developed a 
model which solves the PB equation along the channel length for a varying Vsol along the channel length. 
Further to this the model describes the effect of a continuous ZPM electrode on the EDL. 
It is advantageous, for fabrication purposes, if the ZPM-CE device only requires one ZPM electrode 
near one channel wall. In this case it is only possible to dynamically modify the zeta-potential on the 
channel wall near the ZPM electrode. The other three walls maintain their natural zeta-potential, however 
it is still possible to increase, decrease and reverse the EOF. A consequence of this is increased peak 
broadening due to a difference in fluid velocity between the top and bottom channel walls. Peak 
broadening is highly undesirable in a separation system. The amount of peak broadening will impose an 
operational limit on the separation enhancement method, which will be related to the difference in 
electrophoretic mobility of the sample constituents. Since diffusion will also contribute to peak 
broadening it is included in our model to help give a realistic approximation of the system behaviour. 
To maximise the effect of the ZPM electrode on the EOF, it is beneficial to modify the larger channel 
surface. In the case of a rectangular channel, the channels should be wide and shallow. Our model 
assumes that channel depth << width, therefore in this work we neglect the effect on the EOF from the 
vertical sidewalls. To describe the migration of a sample concentration (c) along the channel due to the 
electrophoretic force, EOF and diffusion we used Comsol 4.2a to solve the Nernst-Planck equation shown 
in Equation 4. A simplification of the equation is included on the far right hand side of the equation to 
illustrate the contributions from diffusion, the fluid velocity (including the EOF contribution) (U), and 
electrophoretic effects. D, ψ, kb, T denote diffusivity, potential, Boltzmann’s constant and temperature. 
∂c/∂t = ׏.(D ׏c – U c + (D z q c (׏ψ))/(kb T)) = ׏.(D ׏c – U c + μep c (׏ψ))  (4) 
The results shown in Figure 1 illustrate the effect of the ZPM electrode on the separation. Even though 
only the mobility on the bottom channel wall (μzpm) is modified, it is possible to dynamically increase, 
decrease and reverse the EOF. Larger positive values of μzpm increase the EOF down the channel and 
consequently increase the ion’s speed (see the left figure showing ions positions after 100 s). The amount 
of separation of the ions is related to the time spent in the electric-field. Larger negative values of μzpm 
reduce/reverse the EOF and therefore lead to a longer retention time, thereby enabling greater separation 
within a shorter channel length; see the graph on the right. After 250 s with μzpm = -6x10-8 m2/Vs, both the 
Cu2+/Fe2+ and Fe3+ peaks remain in the channel. Where μzpm = -11x10-8 m2/Vs, the Cu2+/Fe2+ and Fe3+ 
peaks are travelling in opposite directions, and therefore it has been possible to separate them in a very 
short distance. 
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Figure 1: Simulation results showing the effect on separation of different values of mobility on the bottom channel wall (see 
legend). EOF mobility on top channel wall kept constant (-1x10-8 m2/Vs). Left: concentration of ions after 100 s. Right: 
concentration of ions after 250 s; inset graph: Cu2+ and Fe2+ starting to separate, but it is small due to small difference in mobility. 
The graphs in Figure 1 also show that as the difference between μzpm and the EOF mobility for the non-
modified wall (where EOF mobility is fixed at –1 x10-8 m2/Vs) increases, the peaks become broader. This 
places a limit on the technique. As can be seen in the inset graph, where the difference in electrophoretic 
mobility is small (such as between Cu2+ and Fe2+), the peak broadening makes it difficult to separate 
them. For separation, broadening from both diffusion and differential-wall mobilities must be overcome. 
Summary 
We have presented a model for a practical implementation of a separation enhancement method which 
uses dynamic modification of the zeta-potential, to control the EOF. Using this method CE separations 
are attainable in shorter channel lengths. A disadvantage of using a single electrode is increased peak 
broadening which worsens with increasing difference between the natural and modified zeta-potentials. 
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